We have developed the relativistic mean field model to the study of kaonic nuclei. Starting with the Lagrangian for nucleons and (anti)kaon meson, the equations of motion for nucleon field, scalar meson, vector meson and (anti)kaon meson fields are deduced. By self-consistently solving the equations of motion, the K − -nuclear deeply bound states are obtained for the nuclei with A ≥ 8. The K − -nucleus binding energy of the ground state (1s) is on the order of 100 MeV. It appears 1p states for the A ≥ 20 nuclear cores, the binding energy for 1p states is in the range 62 − 82 MeV. The shrinkage effect is found in the possible K − -nuclear deeply bound states. The interior nucleon-density of the kaonic nuclei increases obviously, especially for the light ones. The strength of the kaon field is in the range 8 − 20 MeV for the ground states, and the interaction range is about 3 − 4 fm in a nucleus.
Introduction
Recently, the issues about theK-nuclear deeply bound states have been hot topics in nuclear field. The reason lies in some aspects: 1, to determine the innerK-nucleus potential. Is it either deep (150 − 200 MeV) [1, 2] or relatively shallow (50 − 60 MeV) [3, 4] ? 2, to study the strange phenomena of the kaonic nuclei, such as the high-density around the K − meson. 3, another important reason is thatK-nuclear deeply bound states can be investigated in experiments and have been found some evidences already. As a whole, there have been many works about the kaonic nuclei.
Theoretically, Tadafumi Kishimoto first predicted that deeply bound kaonic nuclei should exist due to the strong attractiveK-nuclear potential, and suggested that the kaonic nuclei can be produced by the (K − , p) and (K − , n) reactions [5] . Nearly at the same time, a group of Spain computed the binding energies and widths, for both species of antikaons, in 12 C, 40 Ca and 208 P b [3] . Following the suggestions of Tadafumi Kishimoto, some Japanese physicist predicted there exists a narrow deeply bound discreteK state in 3 He with a binding energy of 108 MeV and a width of 20 MeV, which can be formed by the 4 He(stopped K − , n) reaction [6] ; and another group addressed the possibility of identifying deeply boundK nuclear states in the forward (K − , p) reaction on nuclear targets and predicted the 1s K − bound state on 12 C can be produced with a binding energy of 120 MeV [7] . The most interesting thing is the recent works of Yoshinori Akaishi et al. [8] [9] [10] [11] . They investigated theK bound states in light nuclei and a few-body nucleon system and predicted that high-density cold nuclear matter would be formed around K − , which causes the attention of experiments at once. Experimentally, recently, some experimental evidences for candidate states in the (K stop , n) and (K stop , p) reactions on 4 He [12, 13] and in the (K − , n) in-flight reaction on 16 O [14] are reported. Just some months ago, by using the FINUDA spectrometer installed at the e + e − collider DAΦNE, FINUDA collaboration succeeded to detect a K − bound state K − pp through its two-body decay into a Λ hyperon and a proton [15] . New experiments also are suggested at KEK to search for K − nuclear bound states [8] . In present work, we will study the kaonic nuclei in the framwork of relativistic mean-field theory (RMF). For a system nucleons and a K − meson, the interactions of nucleon-nucleon (NN) and K − -nucleon (K − N) are mediated by the exchange of scalar (σ ) and vector (ω) mesons which are treated in the mean-field approximation. The pioneer works which describe the interaction of K − N in RMF can be found in Refs. [16] [17] [18] . With the method of RMF, the in-medium properties of (anti)kaon mesons have been investigated [19, 20] , and the K − -nucleus interaction was developed by Friedman et al. [21] . With this K − -nucleus potential, we studied the K − -nucleus elastic scattering and obtained some reasonable results [22] . As a whole, RMF theory is indeed a popular and successful method for describing the properties of normal nuclei and hypernuclei. Thus, we do not review it any more here.
The aim of this paper is to develop the RMF for normal nuclei to study the prosperities of kaonic nuclei with the K − N interactions in RMF as well. Starting with the Lagrangian for nucleons and (anti)kaon meson, the equations of motion for nucleon field, scalar meson, vector meson and (anti)kaon meson fields can be deduced. By solving the equations of motion, we will obtain the properties of kaonic nuclei in RMF theory. In this work we mainly focus on the energy spectra, the nucleon-density distribution, the strength of kaon field and the rms. radii of proton, neutron and charge for kaonic nuclei. Recently, the RMF theory has been used to study kaonic nuclei by J. Mareš et al. [23] . There are obvious differences between our calculations and theirs: the K − energy of our calculation is discrete by solving the equation of motion for K − meson directly. While the K − energy for J. Mareš is a continuous change value which can be modified in a certain range by adjusting the kaon couplings contrived. They obtain the binding energy of K − by introducing a new Klein-Gordon (KG) equation of motion. In the equation, they must introduce a K − -nucleus optical potential.
The paper is organized as follows. In the subsequent section, the Lagrangian density is given and equations of motion for nucleons, meson fields σ, ω, ρ, K are deduced. We present our results and discussion of the obtained K − nuclei properties in Sec. 3. Finally a summary is given in Sec. 5.
Formulas
In relativistic mean field theory, the standard Lagrangian density for an ordinary nucleus can be written as [25, 26] 
where
with
where the meson fields are denoted by σ, ω µ , ρ µ , and their masses by m σ , m ω , m ρ , respectively; Ψ N is the nucleon field with corresponding mass M N . A µ is the electromagnetic field. g For a K − -nucleus system, another Lagrangian density L K describing the (anti)kaon interaction with the nucleons should be adding to L 0 . Kaons were incorporated into the RMF model by using kaon-nucleon interactions motivated by one meson exchange models [24] . In the meson-exchange picture, the scalar and vector interaction between kaon and nucleon are mediated by the exchange of σ and ω meson, respectively. The simplest kaon-meson interaction Lagrangian L K can be written as [18] 
The coupling of the (anti)kaon to the isovector ρ meson is here excluded due to considering N ≈ Z nuclear cores in this work. Where g σK and g ωK are the coupling constants between kaon and the scalar and the vector fields, respectively. According to the the Euler-Lagrangian equation of motion:
The equations of motion for nucleon, ω, σ, ρ, (anti)kaon mesons and photons are obtained:
We can see the (anti)kaon meson does not affect the Dirac equation for nucleons directly, however, the presence of antikaon leads to additional source terms in the equations of motion for meson fields of σ and ω. Thus, the antikaon meson affects the nucleon field by affecting the strength of meson fields of σ and ω indirectly.
In the mean field approximation the meson-fields σ, ω µ , ρ µ and photons A µ are replaced with their mean values
Because of the condition of static states, only the time components of the meson-fields σ, ω µ , ρ µ , K survive. Thus, the equations of motion change to
The equation of motion for anti-kaon is
Combining the relation i∂ 0K = EK, where E is the energy of anti-kaon, then the anti-kaon equation of motion changes to
and the eq.(19) is simplified as
The binding energy of K − in a nucleus is defined as
Solving the equations (17, 18) , (20, 21) and (23, 24) self-consistent, we can obtain the prosperities of K − in nuclei.
Results and discussion
When we carry out calculations with RMF, for the nucleonic sector we adopt the parameter set NL-SH [27] that describes properties of finite nuclei reasonably. The masses and the coupling constants are listed in Table 1 . The coupling constants to the vector mesons are chosen from the SU(3) relation assuming ideal mixing 2g ωk = 2g ππρ = 6.04, and the coupling constants to scalar meson can be given by fitting the KN scattering lengths in experiments g σk ∼ 1.9 − 2.3 [18] . In present work the coupling constant is set g σk = g σN /5 = 2.088. With these coupling constants, the optical potential of K − at normal nuclear density is about [18] , which is compatible with several groups' predictions. For example, Akaishi et al. give aKN interaction −119 MeV for a K − in nuclear matter at the normal density [9] , and Weises chiralKN interaction gives U K − = −(120 − 130) MeV in Refs. [28] . The main objective of the present calculations is to obtain the prosperities of K − nuclei in RMF, such as the binding energy of K − in nuclei, the strength of kaon field in nuclei, the nuclear density of K − nuclei and the rms radii of charge, proton and neutron. We carry out calculations of the N = Z nuclear cores 8 K ∼ 72 − 98 MeV. There are obvious differences between our predictions and the predictions in Refs. [9, 10] . For example, our calculations are B 1s K = 72.01 and 77.30 MeV, while the predictions in Refs. [9, 10] are B 1s K = 113 and 118 MeV for 8 BeK − and 9 BK − , respectively. Our results are 41 MeV lower than those predictions. In the following, we will analyse the reasons of the large difference between our calculations and those of Refs. [9, 10] . The main reason is that when we calculate the K − binding energy, we do not include the change of binding energy for nucleons due to the nuclear contraction effect caused by the K − in the nuclear cores, however, which is considered in Ref [9] . When we inject a K − , due to the strongKN attraction the nuclear core will shrink. This shrinkage effect increases the binding energy of nucleons. In RMF, we can easily get the binding energy of nucleons not only for the ordinary nuclei but also for the kaonic nuclei. Thus, it is easily to obtain the kaonic nuclei binding energy increased by the contraction, which is denoted with ∆E. Namely, ∆E is the difference of nucleon binding energy between an ordinary nucleus and the corresponding kaonic nucleus. Then, the binding energy of K − with a nucleus can be written as B K = m K − E + ∆E again. The nucleon binding energies of some kaonic nuclei and ordinary nuclei (E N ) together with their differences ∆E have been listed in table 2. From the table, it is found the the kaonic nuclei binding energy increased by the contraction is in the range ∆E ∼ 17 − 21 MeV, which is very close to the prediction ∆E ∼ 17 MeV in Ref. [9] . Including the binding energy increased by the contraction, we get the binding energy of K − -nucleus is B K = 90 − 118 MeV, which is compatible with the prediction B K ∼ 100 MeV in Refs. [9, 10] . Recently, the evidence for a kaon-bound state K − pp is found by FINUDA collaboration. They give the binding energy of K − pp is about 115 MeV, which is also on the order of 100 MeV. It indicates our predictions for the K − -nuclei is reasonable.
Kaonic nuclear states are also expected to exist in some medium nuclei with large decay widths in the latest theoretical investigation [29] . The energy levels of kaonic nuclear states strongly depend on the K − -nucleus optical potentials adopted. [29]
Now, we will do some discussions about the excite spectra of K − -nuclei. We find that it appears 1p states for the A ≥ 20 nuclear cores, the binding energy for 1p states is in the range B 1p K ∼ 62 − 82 MeV. While we do not find any other K − bound states for these kaonic nuclei. The separation between the bound state 1s and 1p is in the range 32 − 38 MeV. Recently, J. Mareš et al. [23] calculated the K − bound-state spectra in 16 O, they obtain much larger separation between neighboring states in the order 70−100 MeV than ours. They also predicted the widths ofK-nuclear deeply bound states Γ K = 40 ± 5 MeV in a dynamical model. According to their predictions, the K − bound-state spectra should be observed because the spacing between neighboring states are larger than the width Γ K = 40 ± 5 MeV. However, the separation between neighboring states calculated by us is very similar to the width ofK-nuclear deeply bound states predicted by J. Mareš et al. [23] , which indicates that such nuclear states with A ≥ 20 may not be identified as discrete states in experiment.
The properties of theK nuclei
Since we have confirmed that K − meson can be bound in light or medium nuclei with the binding energy of ground states on the order of B K ∼ 100 MeV, it is natural to investigate the properties ofK nuclei further.
First, let's see table 2. We find the rms. radii of proton, neutron and charge forK nuclei are obvious smaller than those for the corresponding ordinary nuclei. The volume of theK nuclei shrinks with the K − in the nuclear cores. This is the most interesting property ofK nuclei which is called "shrinkage effect" mentioned in the above subsection. For example, when injecting a K − in 8 Be and 9 B, the rms radii of charge reduce 0.19 fm and 0.17 fm, respectively. And the volume for 8 BeK − and 9 BK − decreases to 79 and 81% of the initial ones. From table 2, we can see the shrinkage effect for lightK nuclei is more obvious than that for mediate ones. When the nucleon number A ≥ 16, the rms. charge radii for theK nuclei increase only a much less value 0.04 ∼ 0.06 fm than 0.19 fm (0.17 fm) for 8 BeK
In fact the shrinkage effect has been found in some lighter Λ hypernuclei [30, 31] and Θ + hypernuclei [32] . However, the shrinkage effect in lightK nuclei 8 BeK − and 9 BK − calculated by us is more obvious than that in Λ hypernuclei predicted with RMF theory as well [31] . Then, how do we explain the shrinkage effect in physics? To answer this question, we should start with the K − properties in nuclear matter and the equations of motion for kaonic nuclei in RMF theory. Firstly, K − meson does not identify with nucleons and can enter the nuclear cores. Secondly, the strong K − N attraction can produce a strong K field in nuclei, which increases the strength of the scalar field σ (see eq. (18)) and decreases the vector field ω (see eq. (24)). This means the attraction between nucleons become larger and the repulse between the nucleons become less. Thus, the nucleons ofK nuclei are bound tighter, which results in the so called "shrinkage effect". In table 2, it is found that the binding energies of nucleons forK nuclei increase a fairly large value ∆E ∼ 17 − 21 MeV.
Since the volume of theK nuclei shrinks, which will result in the change of the nucleondensity. Now we will do some study of the nucleon-density for theK nuclei. The distributions of the nucleon-density for someK nuclei in their ground states together with those of corresponding normal nuclei are shown in figure 1 . From the figure we can see, in the interior of theK nuclei, the nucleon-density obviously becomes higher than that of the normal nuclei around in the range r = 0 − 2.5 fm. For example, the central nucleon-density is enhanced by a fairly large value 0.08 fm −3 for 8 BeK − and 9 BK − , respectively, and increases to 0.3 fm −3 , which is around 2 times as high as that of the normal nuclear density ρ 0 . For the other K nuclei shown in the figure, the central nucleon-density is enhanced by about 0.02 − 0.05 fm −3 . It is seen that the lighterK nuclei have a larger central nucleon-density. Although our calculations gives a fairly large enhancement of the nucleon-density inK nuclei, the largest central nucleon-density 0.3 fm −3 ∼ 2ρ 0 is much less than the prediction in Refs [9] . In Ref. [9] , Yoshinori Akaishi1 et al. give the central density about 3 times as high as that of the α particle for 8 BeK − system, and in Ref. [10] , the central nucleon-density of kaonic nuclei gave by Akinobu Doté et al. even reachs to 0.71 − 1.50 fm −3 , which is about 4 − 10 times as high as normal nuclear density with a framework of antisymmetrized molecular dynamics. According to our prediction, the central nucleon-density is possible higher than 2ρ 0 for the A < 8 few body kaonic nuclei system if they exist. However, it is indeed a amazed high central density ρ(0) = 0.81 fm −3 ∼ 5ρ 0 for the many-body system 11 CK − in Ref [10] compared with our results, which is only a light change of the nucleon-density in the system 11 CK − . Finally, we plot the field for K − meson as a function of nucleus radius in figure 2 . It is useful to understand the shrinkage of the kaonic nuclei. The solid and dotted curves correspond to the K fields of 1s and 1p states, respectively. From the figure, it is found, for 1s states the upper limit of the strength for the K field is in the range K ∼ 8 − 20 MeV, and for the 1p states the upper limit of the strength is on the order of K ∼ 6 − 7 MeV. We can see all the solid curves have a similar behavior, they monotonously decrease with the kaonic nucleus radius until to zero. When the nucleon number A ≥ 20, there is 1p state. All the K fields of 1p states for these different kaonic nuclei also have a similar behavior: the strength first increases from zero to the upper limit and then decreases to zero with the nucleus radius. It is also find that lighter kaonic nucleus have larger K field in general. Obviously, there are some abnormalities for 39 KK − and 40 CaK − . We can obviously see the interaction range of K − N is around 3 − 4 fm in a kaonic nucleus. Now, we maybe have a clear picture about kaonic nuclei, namely, a K − in the nucleus can produce a fairly large field about K ∼ 8 − 20 MeV, which attracts the nucleons closer.
Summary
We have developed the RMF theory for the study of kaonic nuclei. All the equations are solved self-consistently in the framework of relativity. We carry out systemic calculations for the following kaonic nuclei: BK − , the central nucleon-density even increases to about 2 times as high as normal nuclear density. There maybe exist higher central nucleon-density (> 2ρ 0 ) for the few-body K − -nuclei system which can not be predicted with the RMF theory.
The strength of the K meson field and its distribution in a nucleus are studied. for 1s states the upper limit of the strength for the K field is in the range K ∼ 8 − 20 MeV, and for the 1p states the upper limit of the strength is on the order of K ∼ 6 − 7 MeV. It is find that lighter kaonic nucleus have larger K field in general. We can obviously see the interaction range of K − N is around 3 − 4 fm in a kaonic nucleus. 
